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SUMMARY

The loss of strength of cast polymethyl methucrylate vhti.c
aY a result of crazing b of cmwiderable importaw to the air-
crajt indmt)y. Because oj the critical nzed jor basic informa-
tion on the nuture of crazing and the e~ects of rarious treatmen-%
and environment conditiom on its incidence and magnitude,
an investigation of thti phenomenon was undertaken.

$n the course of thti study of WaZ@ the fw?-?owingja-ctors
were ezamh.ed: (1) The e$ect of 8tre48-solvent crating on
tew”le 8trength of polymethyl meth.acrylate; (.%?)th cn%icd
stress and 8train jor on8et of crazing at twi0u8 te?nperature$;
(9) the e$ect oj mob&r weight on crating; and (4] the e~ect
of mul.!ia.cial sh+etzhiq on crazing of polymethyl met.lwcylati
and other acrylic glazing material.

It was found that modemk? 8tres8-sohwnt crazing of poly-
methyl ?ndhucrylak? red.% in a 1o88 in i%nkk? strength of
approximatdy SO percen$. stre88 crazing dewlop8 at 80 to
96 percent oj the tende 8trength in the standard tende LA
in the temperature range oj 2?3° to 70° C. C%-azerem%tunce
increa-ws slightly wdh in.crea8iq mo14&r weight of the
pol~mer, -iiultiuxid 8trei!ch@ of polymethyl nu?thmryti
muriiedly h-mmsed its craze re4-i8t5nc8. Mat-wia.l stmt.ched 160
percent did not craze in short-time terwi.ie tests and the crazing
thrtxhol.d ww increa8ed several fold in $trw+solveni crating
te9ts. TlL4 strain at jai-lure mm increawd several fold (up to
60 percent 8train), thm imparting tcw@nes8 to the etrddwd
sheets. The on”etiation of the large molecules of this high-
polymeric materiaJ tran.sjm the amorphous, brittle cast slwets
into iaminar, tough prodti that are rtint to ~hattering under
impact loads. MultkiaJ stretching of other acrylic plastics,
including polymethyi a+Jpha-chloroacr@$e, gave wmparable
rewdts.

The improvement in the crazing resistance oj a.cqtlic pla-Wic
Aeets produced by mwltiuxial stretching indica.tw m en-
closures made jrom stretched sheti have crazing and strength
properties superior to tho8e of enclosures formed with little or no
8tretching, As an alterndve to the use of prestretdwd materi.d
to achieoe improved craze resistance and toughn.a8 in acrylic
enclaswres, there % the po88ibil&y of preparing a more highly
slretclwd enclosure directiy, w.ch as by forming a larger and
more deeply drawn enclosure than reauired and then using onJy
the central portion of the formed piece. Either method would
improve the craze re8i8tance, particularly at the rim, where Awe

h h%ely to be 8tre88 concentration and where wntact w.th
soloent.s oj ad@ires med to seal the enclosure h quite likely;
in a normally formed enclosure, the craze resi.stmce is a mini-
mum at the rim. The laminar 8tructure of the stretched acrylic
shats also o$ers th possibility of obtainiq redtancz to
shattering of pre8wmizd acrylic canopizs by 8hrapnd without
the necwity qf employing the heaoi.m and more expentire
acrylti laminate made with a safety-gla-w type of vinyl
im!erlayer.

INTRODUCTION

Acrylic-plastic glazing has been used for many years in
a.strodomes, gun tumets, antenna covers, and other trans-
parent curved enclosures in military aircraft. However, in
spite of its good weathering and optical properties and the
ease with which it can be formed into shapes with compound
curvature, this material has several disadvantages such as
low impact strengti and craze cracking. Perhaps the most
serious of these is its tendency to craze under strw-s, espe-
cially in the presence of organic solvents. This results not
only in reduced visibility but also in lowered resistance tQ
both steady and impact loads. BecauSe of the critical need
for basic information on the nature of crazing and the effects
of various treatments and environmental conditions on its
incidence wd magnitude, an investigation of this phe-
nomenon was conducted at the National Bureau of Stand-
ards under the sponsomhip and with the iinancial assistance
of the National Advisory Committee for Aeronautics.

In the course of this study of crazing the following factors
were examined: (1) The effect of stress-solvent crazing on
tensile strength of polymethyl methacrylate; (2) the critical
stress and strain for onset of crazing at various temperatures;
(3) the effect of molecuk weight on crazing; and (4) the
effect of multiaxird stretching on crazing of polymethyl
methacrylate and other acrylic gking materials. It was
found that crwm-resistant glazing materials could be pro-
duced by the multiaxisktretching process; furthermore, the
orientation of the large molecules of these high polymeric
materials transforms the amorphous, brittle, cast sheets into
kuninar, tough products that are reeistamt to shattering
when subjected to ~+e.

The results obtained in the various phases of the investiga-
tion of crazing are presented in this report.
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EFFECT OF STRESS-SOLVENT CRAZDJG ON TENSILE
STRENGTH OF POLYMIYH3YL METHACRYLATE 4

The lose of strength of tensile specimens of polymethyl
methacrylate as a result of stress-solvent crazing at 23° C
and 50-percent relative humidity was investigated (ref. 1).
The materials tested were commercial cast polymethyl
methacrylate sheets of both heat-resistant and general-pur-
pose grades from each of two manufacturers. lMost of the
teds were made on sampl= 0.15 inch thick and covered with
masking paper on one side only. The tensile specimens
were artificially crazed by applying b.-ene to the central
portion of the reduced section while under stress, aa de-
scribed in footnotes c and e of table I and in appendix A,.
and were subsequently broken. Specimens for controls were
treated identically except that no benzene was applied.
Among the factors studied were the effect OJ the masking
paper on the crazing and the relative effect on tensile strength
of a few large craze cracks compared with that of more
numerous finer cracks. The coame m-wing was produced
by applying a larger- amount of benzene and a smaller
stress than were used to create the fine crazing. . The results
are summarized in table I.

The crazing treatment that produced up to two coarse
cracks per square millimeter. with a crack length and depth
of roughly 1 and 0.15 millimeter, respectively, caused a loss
of strength that averaged approximately 35 percent for all
materials. The loss ink&ength produced by the fine crazing
averaged roughly 27 percent for all materials. It should be
noted that, in order to produce &k loss in strength, a higher
stress was used in crazing the hea~reaistant grade than was
used in crazing the general-purpose material. This rmult
agrees with the well-known fact that the threshold stress for

12

10.

7
.-
Z
t!-?-
:
U)

5.

2.

\

A
‘\ \ \ \ \.

\

. .
I .

0 Lucite
❑ Plexiglos I I

———
&t-pu~OSO grod+

h Heot-rssktont grodes

23 50 70
Ternpmkm,t

FIGUEEl.—Variation of teneile strength a..= and stregeat onset of
orariingCOwith temperaturefor acryfic plastk

—. .. —Ar
..\_ -.— —.

~.——
.

I
—— . . . .—

7
0 Luate
n Plexiglos

I

— Generol-pwpose grades I——Heot-rw”stant gmdes
I i’

II

50 70
Te~eroture, “C

FrGURE2.—Variation of tensile secant modulus of olastioity with
temperaturefor acrylio plastics. Strew range is zmo ta about ono-
half of teneilestrength.

solvent crazing is higher for the heat-resistant than for th
general-purpose cast material. The masking paper had no
statistically significant effect on the loss of strength result-
ing from crwing.

The crazed specimens were more variable than the con-
trols, the coefficients of variation for tensile strength aver-
aging about 15 and 5 percent, respectively, for all samples.
In addition, although the crazing treatment was done in a
controlled reamer, there waa a significant daily variation in
treatment that contributed an additional 15 percent to tho
cocfEcient of variation for the crazed specimens. It was not
found possible to predict the tensile strength of a crazed
3pecimen from ita appearance.

STRESS AND STRAIN AT ONSET OF CRAZING OF POLY-
METHYL METHACRYLATE AT VARIOUS TEMPERATURES

The stress and strain at the onset of crazing of polymethyl
methacrylate were determined at 23°, 50°, and 70° U (ref, 2).
The materials tested were commercial cast polymethyl moth-
w-ylate sheets of both general-purpose and heateresistant
grades. lMost of the tests were made on samples 0.16 inch
thick. The standard tensile test described in appendfix A
was used with the exception that when the strain gage was
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removed tlm tasting speed was increased to about 0.6 inch
per minute.

The avwago values of tensile strength and of stress at the
onset of crazing for the four materkds tested are shown
graphically in figure 1, the secant modulus valuea, in figure
2, and tho valuea of the strain at the onset of crazing and
of permanent set, in figure 3.

Polymethyl methacrylate did not begin to craze at the
same strain for all temperatures; in general, the strain de-
creased with increase in temperature. For three of the four
samples tested the strain at crazing was @MisticaUy signifi-
cantly lower at 50° C, when the samples were still well
below the glass transition point, than it was at 23° C. No
consistent trend is evident between 50° and 70° C.

The ratio of stress at the threshold of crazing to the
maximum stress was, in general, between 80 and 95 percent
for all the samplea teated at 23°, 50°, and 70° C.

The tensile strength and secant modulus of elasticity
decrease approximately linearly with increase in tempera-
ture. The strengths at 70a C of the general-purpose and
heat-resistant grades of polymethyl methacrylate were re-
duced to about 30 and 50 percent, respectively, of the
strengths at 23a C. The modulus values at 70° C were
correspondingly reduced to about 40 and 70 percent of the
values at 23° C.

EFFECT OF MOLECULAR WEIGHT ON CRAZING OF
POLYMETHYL METHACRYLATE

Tensile and crazing properties were determined for five
cast polymethyl methacrylata sheets in which the viscosity-
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average molecular weights of the resin were 90,000, 1.20,000,
200,000, 490,000, and 3,160,000, respectively (ref. 3). Both
stress crazing and stress-solvent crazing tests were conducted
by the methods described in appendix A. The results are
shown in figures 4 and 5. In the first set of stress-solvent
crazing tests the solvent was applied by the blotter method
with benzene aa the solvent. In the second set of tests,
both the brush and blotter methods were used with both
benzene and isopropanol as solvents. For a given -molec-
ular weight, no signiilcant differences in threshold values
were observed among the various methods used in the
second set of tests.

It was found that the tensile strength and strain at failure
immwe rapidly with inorea9ing moleculm weight at the
lower molecular weights and begin to level off at molecuhw
w-eights of approximately 200,000 and 500,000, respectively.
There was no change in the modulus of elasticity over the
range of molecular weights studied. The specimens with
molecular weights of 90,000 and 120,000 broke at low strains
without crazing. For the higher molecular weights, the
stmsa and the strain at which crazing occurred increased
with increasing molecular weights. h the stress-solvent
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xxazing ksts, the materials with the three lowest molecular
weigh ts broke immediately upon crazing, usually at an ob-
served craze crack. For the materials with the two highest
molecular weights the craze resistance increased slightly
with increase in molecular weight.

EFFECTS OF MULTIAXIAL STRETCHING ON CRAZING AND
OTHER PROPERTIES OF TRANSPARENT PLASTICS

Improvement in the resistance of transparent plastics to
crazing was sought by mnhiasial stretch forming. The
initial tests were conducted with general-purpose and heat-
resistant grades of polymethyl methacrylate stretched 50
percent (ref. 4). A marked increme in the strain at the
onset of crazing was noted in the standard short-time
tensile test; in fact, most of the stretched specimens tested
showed no crazing. The threshold stress for stress-solvent
crazing with benzene applied by brush increased 70 to 80
percent. In long-time tensile tests (7 days), the threshold
stress for stress crazing increased 40 to 50 percent. The
tensile strength was unaffected, but, the strain at failure
was increased hwm 10 percent to about 60 percent. This
considerable increase in strain at failure suggested that
enclosures made iiom multiaxially stretched acrylic sheets
might have not only ~weatly improved crazing resistance
but also snfiicient toughness and resistance to gnntlre to
obviate the need for the use of the heavier laminated ac@lic
materials.
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In view of these favorable results with polynmthyl methn-
crylate stretched 50 percent, the effects of 100- and 150-
percent mnltiaxial stretching were inve9tigoted (ref. 5).
The tests were conducted with both general-purpose and
heat-resistant grad~ of the acrylic plaatic and the results
are shown in figure 6. The tensile strength did not chtmgo
for the 100-percent-stretched material but increased 6 to
12 percent for the 150-percent+ tretched material. The
strain at failure increased fmm approsirnnt ely 7 pwxm t
for the unstretched material to 50 ancl 25 percent, for tlm
100- and 150-percent-stretched materials, respectively.
None of the stretched specimens crazed in the short-Limo
tensile t~t. The threshold stress for strea+solvent crazing
with benzene applied by blotter increased from approxi-
mately one-fourth of the strength for the unst ret chcd
material to approximately three-fourths for the 100-
percent-stretched material. Most of the 150-percent.-
stretched specimens did not solvent craze even at tmsilo
stresses very close to the ultimate strength. These obsm-
vations indicate that the resistance to crazing increaaes
markedly with increasing degrees of multiashd stretching.

Tests were then conducted to determine the effects of
multiaxial stretching on various properties of thre~ heal-
resistant transparent plastics, namely, polymethyl mothn-
crylate (Lucite HC-222), moditied polymethyl methacrylat o
O?lexiglIM 55), and polymethyl alpha-chloroacrylate (Chdlte
and resin C). The properties mwmred for samples of these
materials unstretched and multiaxhlly stretched approxi-
mately 50, 100, and 150 percent, depending upon the stretch-
ing limitations of the particular material, were as follows:
Tensile strength including crazing threshold stress, strain at
failure, secant modulus of elasticity, stress-solvent crazing
with ethylene dichloride applied by blotter, dimmsiomd
stabili~ at elevated temperatures, and rmist~nce to abr~ion.
The method of stretching the samples and the testing pro-
cednrea are described in appendicw A and B.

These tests, discussed in reference 6, showed that poly-
methyl methacqdate and polymethyl alphwchloroacrylote
can be multiaxially stretched at least 150 percent, wherms
Plexiglas 55 (moditled polymethyl methacz@ote) cannot be
stretched more than 85 percent with the apparatus umd.

Muhiaxial stretching causes the following general effects
on the properties of the transparent plastics studied:

(1) Large increasea in resistance to stress crazing and to
stress-solvent crazing. This resistance increases with increas-
ing degrees of stretching (table II).

(2) A slight increase in tensile strength (table II).
(3) A large increase in strain at failure (table II).
(4) Little effect on the tensile secant modulus of elasticity

(table II).
(5) A decrease in the resistance to surface abrasion (table

w.
Annealing increases the tensile strength of the stmtchcd

materials slightly and has the same effect for some of tho
unstretched materials. The resistance of both unstretchwl
and stretched materials to stmas-solvent cmzing is usually
increased markedly by amealing. However, the strese-
wazing behavior of the unstretched materials is not affected
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by annealing in most cases. Resistance of the stretched
materials to surface abrasion is not affected by annealing.

As au alternative to the use of prestretched material to
achieve improved craze resistance and toughness in acrylic
enclosures, there is the possibility of preparing a mom
highly stretched enclosure &rectJy, such as by forming a
larger rmd more deeply drawn enclosure than required and
then using only the central portion of the formed piece.
Either method would improve’ the craze resistance, particu-
larly at the rim, where there is likely to be stress concen-
tmtion and where contact with solvents of adhesives used
to seal the enclosure is quite likely; in a normally formed
enclosure, the craze resistance is a minimum at the rim.

STRESS-STRAIN BEHAVIOR OF STRETCHEJl ACRYMCS

Typical stress+train diagrams for unstretched and stretch.
ed heat-resistant polymethyl methacrylate and polymethyl
alplm-chloroacrylate are presented in figures 7 and 8. The
shape of the strem-strain curve of polymethyj methacrylate
is not appreciably altered by the stretching, but that of
pobymcthyl alpha-chloroacrylate is markedly affected. The
unstretched polymethyl aIpha-chloroacrylate failed before
reaching a yield point; the stretched materials, however,
show yield points.

In the tests conducted on stretched polymethyl meth-
acrylate, very little increase in tensile strength was observed
for the stretched materials over that of the unstretched.
However, there was a marked decrease in the cross section of
teneile specinmns of the stietched material prior to failure
at high strains, whereas the unstretched material broke at
low strains with little change in cross section. Thus, the
true stress at failure was probably much greater for the
stretched specimens than that based on the original area.

For this reason, sevwd tests were conducted on specimens
of stretched heat-resistant polymethyl methacrylate without
increasing the speed of testing when the strain reached
10 percent and the strain gage was removed. A speed of
0.06 inch per minute was used up to failure. Starting at
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10-percent strain and continuing at intervals of lo-percent
strain until failure, the width and thickness of the test speci-
mens mre measured with micrometer calipers to the nearest
thousandth of an inch. The load was observed at each
reading. I?rom these data, the true stress at various stiains
could be calculated. Since most of the specimens of the
stretched chloroacrylate materials broke at stiains of 20 per-
cent or less with little decrease in cross section, no measure-
ments of this type Were made on the3e specimens.

A typical true stress-stmin diagram for the stretched
polymethyl methacrylate is shorn in figure 9. The results
show that the true stress at the yield point is approximately
10 percent greater than the tensile strength because of the
reduction in the cross-sectional area. The materials with the
highest tensile strength did not have the highest true stress
at failure. The 50-percent-stretched materials, which
elongated the most and thus decreased the most in area,
had the highest values for true stress at failure. That is, for
=h material, the’ true stress at fti~e WM related to the
strain at failure. The true stress at failure varied horn
approximately 25 to 50 percent greatm than the tensile
strength.

From the measurement made in the above tests of the
changes in dimensions of the tensile specimens of the stretched

16x~===- ~ .

2 I I J -–+ -~ I I
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FIGURE9.+tres9-etrain diagram of heat-resistantpolymethyl meth-

acrylate multiaxiallyetretched 50 peroent.
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materials, it was po=ible to calculate values for Poisson’s
ratio. This is the ratio of lateral strain to axial strain.
These values were calculated from changes in width and
changes in thiclmess for each specimen, starting at 10 percent
axial strain, at intervals of 10 percent strain to failure. The
results show that Poisson’s ratio is initially approximately
0.4 to 0.5 and decreases to approximately 0.3 to 0.4 as” the
stmin increases. The reported value for Poisson’s ratio for
unstretched polymethyl methacrylate is 0.35.

RETENTION OF STRUCTURE ON HEATING OF STRETCHED
ACRYLICS

The stretched materirds will recover gradually if heated
to a high enough temperature. The higher the heat-distir-
tion point of the unstretched material, the lower is the extent
of recovexy of the stietched material at any given temperature
within the range investigated. For any material, the higher
the degree of stretching, the greater is the extent of recovery
at a given temperature. Nfost of the recovery occurs in the
first 2 hours (table IV).

The retention of the structure of stretched acrylic plastics
when heated while reshined was also imwtigated by con-
ducting stress-solvent crazing tests on tapered tensile speci-
mens of hea~resistant polymethyl methacrylate that had
been multiasially stretched and then heated while restrained.
Three disks were prepared at 50-percent, 100-pement, and
150-percent stretch. One disk at each degree of stretch was
heated for 17 hours at 90° C, one for 6 hours at 115° C, and
one for % hour at 130° C. The heating period at each
temperature was determined experimentally as the maximum
period that the formed pieces could be heated without
tearing.

The results of these tests are presented in table V. The
data indicate that heating while red-rained does not ailect
the structure of multiaxially stretched acrylic plastic appre-
ciably, as measured by cfig rmistan@-

In addition, the degree of stretch of each formed disk
vw observed by measuring the distarice between points
drawn on each sheet prior to forming. There was no sig-
nificant change in these distances during the heating periods,
indicating that the degree of stretching was not changing.

Thus, there is no apparent reorientation of the polymer
chains if the stretched material is restrained while it is
herded above the glass transition temperature for the times
and temperatures investigated. From a practical point of
view, this means that multiaxitdly stretched material can
be heated for forming without a _change in its structure or
loss of orientation if it is r&rained at the edg=.

APPEAR.4NCE OF CRAZED SPECIMENS

The patterns of cmzing appearing on stress-crazed and
stress+clvenkcrazed specimens of polymethyl methacrylate
are shown in figure 10. The stress crazing of polymethyl
methacrylate is apparent in figure 11 as a rather uniform
blushing of the surface, which is common for this material.
The crazing of the morMed polymethyl methacrylate, al-
though not nearly so uniform nor so dense, also appeared
on the surface only. The sties crazing of the polymethyl
alpha-chloroacrylate specimens was rather uniform and

L-79261

Fmwrm 10.—Crazed tensile specimens of po]ymethyl methnorylato.
A, unstretched,crmed duringshort-tiie tensfletest; B, unstrotohod,
stress-solventcrazed with benzenq ma-urn strces, 2,400 psi; C,
multiaxially stretched 100 percent, stress-solventorazed With bm-
zene, maximum stress,7,000 psi; and D, multiaxially stretched 160
percent, stres+eolvent crazed with benzene,rr.asimumstress, 10,000
P@.

FIQUREil.-stress-crazed specimens of heataeaktrmt polymothyl
methacrylate (A and B) and polymethyl alpha-ohloroaorylate (C
and D). Note internaf crazing apparent in side view D of poly-
methyl alpha-chloroaorylatebut not in side view B of polymothyl
methaorylate.

,
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quite dense and was apparent in the interior of the specimens
as well as on the surface (fig. 11).

FRACTURE BEHAVIOR

The fracture surfrms of the unstretched polymethyl meth-
acrylate rmd modified polymethyl methacrylate specinmns
wore flat and relatively smooth and were perpendicular to
the cast faces. A smooth mirrorlike area was apparent on
each fracture surface and was probably the point at which
fracture initiated. The fracture surfaces of the polymethyl
alpha-chloroacrylate specimens were very rough and uneven
and usually slightly rounded. Numerous small pieces broke
out of the fracture surfaces of the cldoroacrylate specimens
at failure. It was very diilicult to detect a mirrorlike area
on most of these specimens. Examplea of the fracture
surfaces are shown in figure 12.

The fracture surfaces of the stretched materials showed
Iaminar structure. This structure is probably due to the
orimtation of the molecular chains in layera parallel to the
piano of the sheet. The higher the degree of stretching,
tho more apparent was this layerlike orientation. The
material thus tends to act as an assembly of independent
Imnimm in resisting impact loads. The laminar structure
of the stretched acrylic sheets also offem the possibility of
obtaining resistance to shattering of pres.wrized acrylic
canopies by shrapnel without the necessity of employing
the heavier and more expensive acrylic laminate made with
a safety-glass type of vinyl interlayer.

In many cnsea, a triangular-shaped piece split out of a
tensile specimen of stretched material at the point of failure.

Fmurm 12.—Fraoturo surfacea of unstretched and muMiasialfy
strctuhcdacrylic plastics, A, unstretchedpolymethyl methacrylate;
B, unstretched polymet~yl alpha-chloroacrylate; C, modiliecl poly-
rnothylmethacrylatestretched46percent; and D, polymethyl alplw
ohloronorylatc stretched 100 percent. Note third piece broken out
of spcoimeD C (turned over). Specimen D broke into only two
piccca (top piece is turned over).
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FIQURE13.-Side view of fracturesurfacesof polymethyl methacrylat,
tensile spccimeuswith varying degreesof multiatiaf stretching. A
unstretclwd; B, stretched 50 percent; C, stretched 100percent; and
D, stretohed 140peroent.

This phenomenon, shown in figure 12, probably represents
a combination of tensile failure and shear failure. l?urther
examples of the fracture behavior of multiaxially stretched
polymethyl methacrylate are shown in figure 13.

X-RAY DIFFRACTION PATTERNS

X-ray diffraction patterns were obtained on both stretched
and unstretched polymethyl methacrylate, using a recording
Geiger counter spectrometer with a copper target and nickel
flter. The patterns were similar to those obtained by
Krimm and Tobolsky (ref. 7), with halos at Bragg spacings
of 6.5 and 3.oA for both the unstretched and the stretched
materials, instead of 6.60 and 2.92A as reported by the
above authors. They attributed the former spacing to inter-
chain interferences and the latter, to intramolecular inter-
ferences. The height of the 6.5A peak was approximately
30 percent higher for the stretched material than for the
unstretched. This would indicate increased orientation in
the stretched polymer, which is expected from the nature of
the stretching operation. There was a slight decrease noted
in height of the 3.oA peak of the stretched samples, but it is
questionable whether this change is s~cant.

MECHANISM OF CRAZING

The following mechanism of crazing, somewhat similar to
that proposed by Maxwell and Rahm (ref. 8), is postulated.
The crazing is assumed to start at submicroscopic flaws or
weak points. Such weak points may be submicroscopic re-
gions in which by chance the polymer chain segments are
oriented normal to the applied tensile stress. With sufli-
cient stress a separation between portions of adjacent chains
occurs; a stress concentration exists at the apex of the crack
and the latter grows until it reaches a region in which the
polymer chain segments are oriented approximately in the
direction of the tensile stress. The crack either does not
grow or grows slowly unless the tensile stress is greatly in-
creased. Subsequent crack growth may involve rupture of
primary valence bonda, especially if the stress is relatively
high, of the order of the tensile strength.

In multiaxial stretching, the chain segments turn into a
position more nearly parallel to the surface, and this angular
change is dependent on the degree of stretching. The chain
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segments do not, on the average, change the angle of their
projections on the plane of the sheet with respect to the
length or width of the sheet. Bailey (ref. 9) previously
made similar statements for polymer chains. +.,the orien-
tation increases, it may become more diflicult fo~ a submi-
croscopic crack to propagate through the thickness of the
sheet because of the development of “cleavage” planes. It
is then possible that, in highly formed polymethyl metha-
crylate, submicroscopic cracks form & the sudace of a
specimen when n tensile load is applied. The growth of
cracks through the sheet is retarded by the plan~r orienta-
tion, however, and the specimen fails before th~’@cks be-
come visible. In )ong-time tensile tests on p{l~ethyl
methacrylate stretched 50 percent, the crazing iradis, after
becoming visible, grew more slowly as compared with those
on the corresponding unstretched specimens.

The initiation of crazing may also be associated with re-
sidual stresses leading to local tensile failures, as postulated
by Russell (ref. 10), or may occur at other types of flaws
which would be points of localized stress concentration.
These flaws might be inhomogeneities in chemical composi-
tion, such as residual catalyst, or physical surface defects
resulting from the casting operation. The importance of
flaws in effecting the fracture of other materials has been
recognized. Grii3th (ref. 11) has proposed a theory of the
strength of glass based on the presence of surface cracks.
The importance of structural inhomogeneities in the failure
of metals has been reported by Epremian and Meld (ref.
12). They found that inclusions play, by far, the dominant
role in the fatigue behavior of metals. Multiaxial stretch-
ing probably would alleviate the efTects of some types of
submicroscopic flaws in cast acrylic sheet, since the material
is heated to the rubbery state and then stretched. This
would delay the formation of cracks in stretched material.

The orientation of the biaxird.ly stretihed material is
apparent not only from the previously mentioned X-ray
difiaction measurements but also from the laminar structure
of the fracture surface of a stretched specimen, as compared
with the amorphous appearance of an nnstretihed specimen
(figs. 12 and 13). This change from an amorphous to a
lrminar structure could account for the increase in tensile
strength noted for the material stretched 140 percent and
more. When the degree of orientation is high enough, the
material might act as an assembly of independent laminae
parallel to the plane of the sheet, and the force required to
rupture a series of such layers would be greater than that
required to rupture a single layer of material of the same
total thickness. The latter would be typical of the structure
of unstretched material.

In regard to stress-solvent crazing, mechanisms have been
suggested by various authors (refs. 10, 13, and 14) which
while diflering in some aspects include as a factor the con-
cept of the solvent acting as a plasticizer. By using this
concept the mechanism suggested above for skew crazing
may be modified to include the influence of solvents as
follows: The solvent molecules penetrating the surface of
the polymer tend to surround portions of the polymer
chains and reduce the forces required to separate them.
Because of this weakening influence of the solvent molecules
at a surface flaw such a9 a region of normal orientation of

the polymer chains, the stress concentration that can
tithstood k reduced and a tiny crack develops at a lo~
applied stress than in the absence of solvent. The SOIV(
molecules probably fdl the crack by capiUarity as it gro
and continue to exert a weakening influence at the ap,
In this comection it has been suggested by Hopkins, Bak
and Howard (ref. 14) that another weakening influence
the apex of a crack is the film-spreading pressure of t
crazing liquid.

The effect of s@etching on streswolvent crazing mig
be expected to be similar to that for stress crazing. T
reduction in the number and size of the regions of norm
orientation and the increase in the regions of parallel orie
tation should result in higher threshold stresses for tl
stretched material. Also, for stretched material as f
unstretched, the crazing stress should be lower in the pre
ence of than in the absence of solvent owing to the wealienir
influence of the solvent.

The decrease in abrasion resistance of the stretched mt
terial may also be due to its laminar structure. The oriente
chains that are essentially parallel to the surface may off[
less resistance to abrasion than that offered by the randoml
oriented chains of the unstretched material.

CONCLUSIONS

Tests were conducted to determine the crazing behavio
of various types of transparent plastiea and the effect c
multiaxial stretching of the plastics on their crazing resist
ante and various physical properties. The results am
conclusions may be summarized m follows:

1. lModerate stress~olvent crazing of both general-purpos~
and heat-r&stant grades of polymethyl methacrylate result ec
in a loss of tensile strength of approximately 30 percent. TM’
order of loss in strength was observed in the presence of eithel
0 few large craze cracks or more numerous fine cracks.

2. In stres-s-orazing tests at 23°, 50°, and 70° C with tht
same materials, the ratio of the stress at the threshold oi
crazing to the maximum stress was, in general, between 80
and 95 percent for all the samples.

3. The strain at which polymethyl methacrylate crazes
shows, in general, a tendency to decrease with increase in
temperature.

4. Polymethyl methacrylates with viscosity-average mo-
lecular weights of 90,000 and 120,000 broke at low strains
without crazing; for samples having molec&r weights of
200,000,490,000 and 3,160,000, the stress and strain at which
crazing occurred increased with increasing moleculax weight.

5. In stress-solvent crazing tests, the materials with the
three lowest molecular weights broke immediately upon
crazing, usually at an observed craze crack. For the ma-
terials with the two highest moleculm weights, the craze
resistance inoreased slightly with increase in molecular
weight.

6. Multiaxial stretching of polymethyl methacrylate had
the following effects on crazing behavior and physical
propertie9:

a. The specimens stretched 100 and 150 percent did not
craze in the short-time tensile test.

b. The threshold stress for stress-solvent crazing with
benzene increased from approximately one-fourth of the
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tensile strength for the unstretched material to approxi-
mately three-fourths for the 100-percent-stretched ma-
terial, Most of the 150-percent-stretched specimens did
not solvent craze even at stresses very close to the tensile
strength. These results indicate that the resistance to
crazing increasea markedly with increasing degree of
multiaxkd stretching.

c, The tensile strength and modulus of elastici@ of the
polymethyl methacrylates were aflected only slightly by
the multitial stretching.

d, TIIe strain at failure of the polymethyl methacrylates
was increased several fold (up to 60-percent strain) by
nmltiaisial stretching, thus imparting toughness to the
stretched sheets.
7. Multiaxial stretching of modified polymetbyl meth-

ncrylate and polymethyl alpha-chlorcacrylate gave compara-
ble reauh.

S, Some decrease in the resistance to surface abr=ion was
observed w-hen the materials were stretched muhiaxially.

9. X-ray diffraction patterns and the laminar structure of
the fracture surfaces of the stretched acrylic plastics indi-
cated orientation of the molecular chains in layers parallel

to the plane of the sheet. The material thus tends to act as
an awembly of independent laminae in resisting impact
loads.

10. It is postulated that, in highly stretched acrylic sheets,
the growth of submicroscopic surface cracks through the
sheet is retarded by the planar orientation and the specimen
fails before craze cracks become visible. Likewise, the
stretch ed acrylic material is resistant to stress-solvent crazing
because the weakening influence of either the solvent mole-
cules or a crack caused by their presence is not readily
transmitted through the layem of parallelly oriented polymer
molecules.

11. The considerable increase in strain at failure suggested
that enclosure9 made from multiaxially stretched acrylic
sheets might have not only greatly improved crazing resist-
ance but also sufficient toughness and resistance to gunfire
to obviate the need for the use of the heavier laminated
acrylic materials.

NTATIONALBUREAU OF STANDARDS
WASHINGTON,D. C., lhcember 28, lt756.



APPENDIX A

~THODS OF TESTING

STANDARDTENSUET-l%

The standard tensile tests -ivere made in accordance tith
Method 1011 of reference 15 using the type 1 specimen. The
tests were conducted on a 2,400-pound-capacity hydraulic
univemal te9ting machine. Jh&extension data were
recorded graphically using a Southwark-Peters extensometer
and recorder. A testing speed of 0.05 inch per minute was
used up to 10-percent strain; at this point the gage was re-
moved and the speed increased to approximately 0.25 inch
per minute. Strains greater than 10 percent -w-aremeasured
tith dividers.

STR~OLVENT CEAZING=TS

The stress-solvent crazing tests were conducted at 23° C
and 50-percent relative humidity on tensile specimens taper-
ing in tidth from 0.500 to 0.333 inch over a 3-inch reduced
section. Thus, for a given applied load the stress varied over
the length of a specimen from a value S at the mtium
cross section to 1.5S at the minimum. ho methods of
preparing and testing the specimens were used:

(1) Brush method. Solvent vms applied to the specimen
under load as follows: A controlled amount of solvent, 0.03 to
0.04 gram, was put on a No. 1 camel’s hair brush (about 0.1
inch in diameter and 0.5 inch long) from a marked glass
dropper. The central x- by 3-iich portion of the specimen
was stroked with the brush until the latter was dry. The
load was maintained for 4 minutes. The solvent+xazed
specimens were examined under suitable lighting and the
threshold of crazing noted.

(2) Blotter method. A predetermined load was applied to
the specimen, and a solvent-saturated blotter, backed with a
block of polyethylene for rigidity, was held against one face
of the specimen for 10 seconds. The load was removed after
30 seconds, and the stress at the point at which crazing ter-
minated was calculated as the threshold stress for stress-
solvent crazing. For a given material, this stress will usually
vary with the solvent used.

D~lENSIONAIA3TABILlTYT=T3

Dimensionaktability tests were conducted to provide
thermal-recovery data and to provide data from which an-
nealing conditions for the stretched materials could be deter-
mined. The specimens were small irregular pieces remaining
after tensile and abrasion specimens were cut from the
stretched disks and Were approximately 1 inch by 2.5 inches
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in size. TWO lines approximately 1.5 inches opart mrc+
scribed on the surface of the specimens tith a razor blade
and the exact distance between the lines read to the nmrc+st
hundredth of an inch using a steel scale graduated in hun-
dredths of an inch and a magnifying glaas. The specimens
were then laid on a sheet of plate glass and placed in rm air-
circulating oven at the test temperature. At the end of 2
hours, the specimens ware removed from the oven and
allowed to cool for 5 minutes, and the distance betmeen the
lines was measured. The specimens were then replaced in
the oven and the readings repeated, in most cases, at the ond
of 6 hours, 1 day, 2 days, and 3 dajm Several specimens mm
measured after they had cooled to room temperature, and no
significant dii7erence was found in the mensurementa made
di.le the specimens were hot and those made after they had
completely cooled. Four specimens of each degree of stretch
of each material were tested at each temperature.

TESTSFOEABRASIONRESISTANCE

The r=istanm to abrasion was determined for unstretched
and stretched materials, follotig Method 1092,1 of reference
15. A Taber abraser was used with &10 Calibrase \vheels
and a load of 1,000 grams on each wheel. Haze and light-
transmksion measurements were made in accordance \vitll
Method 3022 of reference 15, using an integrating-sphere
haze meter. These measurements were made after O, 10, 25,
50, 75, 100, 150, 200, and 250 revolutions of the abrader.

TESTSONHEAT-TREATEDANDANNEALED SPECIMENS

Unstretched tensile specimens of each material \vere sub-
jected to the same heating and rapid cooling cycle as that
used in stretching to determine the effect of this cycle on the
tensile properties In addition, unheated and heated un-
stretched tensile specimens as wall as stretched tensile speci-
mens Were annealed prior to testing. The annealing tem-
perature for each material was selected from the results of the
dimensional-stability tests and was the maximum tempera-
ture at which the stretched material could be hinted for 6
hours with less than 5-percent relaxation. The temperatures
;elected were 90° C for the heat-resistant polymethyl
rnethacrylatq 100° C for the modified polymethyl metlla-
:rylate, and 110° C for the polymethyl alpha-chloroacrylate.
J7hespecimens were allowed to cool slowly to room temper-
~ture in the oven after the heat and the fan vrere turned off.



APPENDIX B

STRETCHING PROCESS

EQUIPMENTANDPIIOCEDURE

‘ A vacuum stretching apparatus which would produce flat
muhia.-sially stretched disks about 10 inches in diameter was
designed follotig suggestions offered by Mr. W. F. Bartoe
of the Rohm & Hans Co., Inc. A schematic diagram of the
stretching equipment is shorn in figure 14 and a photograph,
in figure 15. In this apparatus a sheet of acrylic material
A, heated to the rubbery state, is clamped to the flange of
the cylindrical forming vessel B. A partial vacuum is
created in the vessel by connecting the latter to a vacuum
system. The pressure differential, controlled by the plug
valve C, dravm the unclamped part of the sheet into the
vessel. The form D, an open-end cylindrical tube a little
smaller in diameter than the forming vessel and constrained
by the guide E, is inserted into the vessel. The pressure
differential is then removed quickly by admitting air through
tlm plug valve F, so that the stretched acrylic sheet shrinks
about the end of the form. The sheet cannot retract com-
pletely; the central portion remains uniformly stretched
across the open end of the form. The stretched w.rylic
sheet, shaped like a top hat, is cooled to room temperature
in the vessel before removal.

S@3-11

FI~URE14.-Sehematio drating of vacuum stretching apparatus. A,
plastio sheetta be stretctwi; B, forming vezsel; C, valve to vaumro
system; D, form; E, guide; and F, valve to atmosphere.

In practice, the stretching operation is done as quickly as
possible so that the acrylic sheet will still be in the rubbery
state when the pressure differential is removed; the time
from removal of the sheet from the oven until stretching is
complete is less than 1 minute.

UNIFORMITYOFSTRETCHINGAND EQUATIONFORELONGATION

In order to determhe whether the amount of stretching is
uniform over the face of the multiaxia,lly stretched pieces,
the follotig experiments were made: A 10-inch disk of
polymethyl methacrylate, which had been multiaxially
stretched 15o percent after heating to 140° C, was marked
off in l-inch squares, then heated to 140° C, and allowed to
assume its original size. The lines on the resulting disk
were still equidistant tithin + 5 percent. Since the stand-
ard deviation of the measurement and marking errors was

.. L

FIQURE16.—Vacuum stretching apparatus partly &assembled after
stretching a sheet of acrylio plastic. Stretched pi~e iS on end of
form whioh is held by operator.
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FI~um 16.-Sarnple of stretohedpolymethyl methacrylateas removed
from stretching apparatus. Large squares are on surface of flat
top of hat-shapedpiece.

also of this order of magnitude, this indicates that the
amount of stretching -was reasonably uniform over the face
of the disk. A’e.st, another piece of polymethyl methacrylate
was marked with a square grid having a spacing of 15
rnillimetem; the piece was then multiaxially hot-stretched
to an elongation of 150 percent. The lines on the flat top
of the stretched plastic were stiU equidistant to within +5
percent, the experimental accuracy, verifying that the
stretching was reasonably uniform (@. 16). The length
of the squares on the flat top when compared with the
original length of the squares on the bottom rim indicates
the degree of stret thing. Test specimens are taken from
the 10-inchdiamet er flat top of the stretched piece.

The formula used for calculating the amount of multi-
axial stretching in a stretched disk is

(1)

where e is the elongation in percent and tiand tf are the
initial and final thicknesses, respectively. This formula is
based on the fact that the volume of the material remains
essentially constant on stretching.

This property of the materials was verified by mcnsuring
the density of both 160-percent-stretched and unslrcd ched
materials. One sample of polymethyl rnethacrylato showed
a decrease in density of 0.8 percent as a result of stretching
to 160 percent strain. Three other samples of polyrnethyl
methacrylate showed density changes of less than 0.2 percent
as a result of this amount of stretching.
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TABLE I.—TENSILE STRENTGTH OF STRESS-SOLVENT-CRAZED POLYMETHYL METHACRYLATE

[Spccimms were taken from three slmetsrepresentingthree production runs. Tests were made on standardtensilespeoimensof type 1 by Method
1011of reference15. SpecimensWereconditioned at least 3 weeks at 23° C and 50-pementrelative humidity and tested 2 days after they mere
solvent crazed. Speed of textingwas 0.05 in./min.]

Material

I Tensile strength of crazed

Stress used
specimens

for cr+zing,
Average, Percent of

& psi control aver-
age

I

Averwe ten-
sile str&gth of
UJMrazed con-
trol specimens,

($s~b)

Lucite HC201---------------
Lucite HC202-----------------
Plesiglas I–A_________________
Plexiglas 11___________________

Lucite HC~l----_------------
Lucite HC202-----------------
Plexiglas I–A_________________
Plexiglas11___________________

Treatment I 0

2,000
3,000
2, 400
3,000

“ 5, 000 63
6,000 62
4, 800 59

- d 7, 600 76

Treatment II “

& 000
9,700
q 100

10,000

3,000 f 6, 200 78 7,900
% 000 6,900 71 9,700
3,200 5,400 67 & 100
4000 7, 800 76 10,300

~Stmswas fnafntdnMfer 6rnfn. aftarban2ana wasaPPUd. Cant-elspedmmsvxreebesubM2tedte thLsstressfer5 mk
bContil s@dmam ware H 2 days aftm they wem lmdwl
0TrmtmentL No.1mmol’sbafrbrodh(aboutO.1-frLdfarnstm,O.Mn. Iangtb) w dfppwl fn banmne and wf@l agafnetsfde

of mntafner m esnot te drfp.TkmcantralX-by2-fn. portfnn of weciman wan strekei twfm with brusk ThfsPrmss was repeated
nfne tfme. Treatment Ifs d@na3 toprodnwafewlamecmzfngcrati Eachvalueh amragaofrernltsforU spa?freemjankss
otberwko noted.

d Avemge of rrmdtsfor 10man%
. Trmtroent IL BenzenefnamonntofO.fOto0.04gwaspntonA’o.1 camel’s bah brush. ThenranhnfW by Mn.mrtfonof

men w~ s@o~~ ro-t~y wi~ ~b. Mtint ~ b d-d topmincanmmrenstie rrezlma’aekx.Eachvalnefs
averageoframltsforM-ens, rnd= otberwkanetad.

f Average of rmul@ for 29-ens.
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TABLE 11.—EFFECT OF MULTIAXL4L STRETCHING ON TENSILE AND CRAZING PROPERTIES OF ACRYLIC PLASTICS

~esta were conduated at 23° C and 50-percent relative humidity; each tit is average of results for eight speoimens unless othmwim nobd]

Degree of Tensile

, ~“’ +S”b

S;atr~mat Secant modulus,
StretChing, strength

percent u-~, psi percen~

Polymethyl m.&acrylate (Lucite HC-222)

o 09, 720 d7.4 946X105 “ 9, 070 “X3 0.93 “ 910
50 9, 730 029 f4.3 (h) (h) (h) 01, 6S0

100 10, 100 037 f~7 (h) (b) (b) 02, 710

150 10, 530 0 16 f5. o (h) (h) (h) 03, 910

Modified polymethyl methacrylate (Plexiglsa 5S)

o 10,240 6.7 4. 8Xl& 9,580 0.94 2, 420
45 10,660 ~42 f48 (h) &4 (h) 4,060
S5 10,990 =45 f5.1 (h) (h) (h) 5, 660

Polymethyl alpha-chloroacrylate (Resin C)

o 16, 170 31 7. 4X103 13,300 0.82 2, Sso
50 17,72a 123 17.6 (h) :)2 (h) 6,430

100 l& 310 i 12 i&2 (h) (h) (h) 12,950
150 14510 19 iao (h) (h) (h) >18, 140

—

=Scxmntfncdalns of@lastidtywas mkd@3dfw*r8n@of0 tOZ)MO@.
b ilolvent-cmdng strm Is xrdnfrnarastressreqnked to canw maztng upon application of ethylene dlcblorfde.
oAV6T8WOfIEdb for flm -MM.
d Average of mrdts for thrm SP51Uens.
●AvemgeofrcwdIs for6wen SIM5UWU.
f Average of remlfi for fonr @clmmm
c Averags of rfsultd for six s’p3rnens
hDid not mare.
I Avwage of msnltskc two -mu..
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TADLE 111.—EI?F.ECT OF MULTIAXIAL STRETCHING ON SURFACE A13RASION OF ACRYLIC PLASTIC9 AT 23° C

Light transmissi on, percent Haze, peroent
(8) (~)

Initial slope of

Degree of abraaion ourve,
Materia] Stretcfling, percent haze

percent
original Final Original Final

number of
revolutions

,

Lucite HC-222 b--------------- ‘0 92 1+0. 1 8& 4+0.2 o. 3*O. 1 24. 7+0.6 0.21
50 92. O*O. 1 87. 6+0. 2 .4+0.1 30. 4*O. 7 .38

100 09 L9+Cll “87. 2+0.2 “. 5*O. 1 “30.6+L0 .43
150 91. 8+0. 2 86. 8+0. 2 .4+0.1 320+L3 .45

Plesiglns 55 b------------------ 0 9L 4+0. 1 w 1*O. 1 . 5*O. 1 21. 8+0. 3 .19
45 ‘9 L7+0.1 088 %0+0.2 O. 6+0. 1 “25. 1+0.6 .26
85 91. 5+0. 1 87. 7+0. 1 . 6+0. 1 26. 6+0.4 .33

Gn5to d----------------------- o 90. 0+0. 2 87. 5+0. 3 .4+0.1 2L 6+0. 7 .17
50 90. 6+0. 1 8& 8+0. 2 .6+(L2 25. 4+0.6 .33

100 90. 5+0. 2 87. 4+(L 2 .2+0.1 23. 8+0.8 .31
150 e 90. 6+0. 3 “8&84c2.8 6. 2+0.0 e2&2+L2 .30

Rcein C d--------------------- .0 9LO+0.2 87. 9+0. 1 .7+0.1 19. 4+0. 4 .14
50 e9C19*0. 1 “ 87. 6+0. 2 0. 2+0.1 0242* 0.4 .26

100 9L 3+0.1 87. 0+0.2 .2+0.1 2fi 9*1. o .30
150 690. 3+0.4 “87. 1+0.1 “.6+0.1 e2& 2*21 .30

. Flnel meosurementswere rmde after 2M revolnttons.
bAverogo of resultsfor 12-ens nnkm otkerwlw noted, pins or rnlnusstandord error.
GAveroge of rswb for u s@dmsm-
d Avemm of resultsfor SIXepmlumm unlw o&mvJlm noteil, plus or mfrms stendm-derrer.
● Avemgs of resultsfor five ep?clroem
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TABLE IV.-DIMEXSIONAL STABILITY OF MULTIAXIALLY
STRETCHED ACRYLIC PLASTICS AT ELEVATED TEM-

TABLE 1V.—DIMENS1ONAL STABILITY OF MULTIAXIALL1’
STRETCHED ACRYLIC PLASTICS AT ELEVATED T13M-

PERATURES PERATURES-Concluded

[Each result is the average of results for four specimem~]

(a) Polymethyl methacrylate (Lucite HC-222)

(c) Polymethyl alpha+hloroacrylnte (Reshr C)

Multitmial stretch, porccrrt

o I 50 I 100 I 160

Deorease in length, peroont

Time,
hrlMultiaxial stretoh, percent

Temp~r#ure,

o I 50 I 100 150

Decrease in length, percent
0.1
0
0
0
.1

.2

.1

.1

.1

.4

1.4

1.4

1.9

1.6

2.2

1.0
.8
.9
.9

1.1

3.2
3.6
3.7
4.2
4.2

46.0
47.8
40. b
50.4
50.8

1.1
.0

1.2
1.2
1.3

4.1
4.1
4.4
4.6
5.0

51.5
56.6
58.8
60.1
60.7

0
0
0
0

0
0
0
0

0
0
0
0
0
0

0.1
.1
.2
.2

1.2
1.3
1.6
1.5

S.8
121
15.0
15.8
16.1
16.4

0.5

.4

7

1:0

1.9

1.9

24

2.6

15.6

19.1

229
242

246

26.3

0.8
.9

1.1
1.1

25
2.6
3.0
3.5

17.5
20.2
25.7
2s.0
2% 6
29.7

2
6

24
48
72

2
6

24
48
72

2
6

24
48
72

0.4
.4
.8
.6
.9

20
26
27
3.0
3.4

322
34.3
36.8
36.9
36.2

110

120

130

30

90

100

2
6

24
72

2
6

24
72

2
6

24
48
72

144

Average initial thicknem, in.

~ 027 010

Average initial thickness, in.

0.26 0.10 0.06 0.04

(b) Modified polymethyl methacrylate (Plexiglas 55)

Multiaxial stretch, percent

o I 45
1

85

Temp~@rre, Time,
hr

TABLE V.-EFFECT OF HEATING TVHILE RESTRAIA’ED Oh’
CRAZING BEHAVIOR OF MULTIAXIALLY STRETCHED
HEAT-RESISTANT POLYMETHYL METHACRYLATEDeorease in length, percent

Stress-solvent
crazin thres-

thol , psi
(*)

1, 500
1,210
1,270
1, 4s0

2, 170
2, 160
2,060
2,720

6,420
5,420
4,200
6,420

—

Strmdnrd
error,

psi

90

100

110

2
6

24
48
72

2
6

24
48
72

2
6

24
4s
72

0
0
0

.1

.1

0
0
.2
.2
.2

0
0
.2
.3
.3

0.4

.6

.s

1.0

.9

1.4

1.3

1.5

1.5

1.6

10.2

11.7
13.4
13.5
13.9

0. s
1.0
1.0
1.1
1.1

1.6
1.9
21
1.9
21

13.0
14.4
15.4
15.8
16.1

Heating conditions
Pement
stret oh

I’emp~fture, Time,
hr

17
6

%

17
6

7$

17
6

3$

’40
40
so
50

40
so
50
70

240
20
40

150

Unheated
90

115
130

Unheated
90

115
130

Unherded
90

115
130

50

100

150

Average initial thickn~~, in.

0.25 I 0.12I 0.07
● Ethylene dI&loride mu I&&3w tdmnt for theso@g tests. ErIohresult k owmm’ of

readts for fivespsdmens.


